Sorghum [Sorghum bicolor (L .) MoENCH] backcross populations containing 3 to 50% wild germplasm were evaluated in south central India for grain yield and nine related traits . No individual BC,,F2-to BC2F2-derived lines were high transgressive segregates for grain yield . Only 1 .5% of all BC3F2-or BC4F2-derived lines were transgressive segragates, with 26% higher mean grain yield than their respective recurrent parents . The ten highest-yielding BC2F2-to BC4F2-derived lines per mating having parent CK60B yielded an average of 14% more than CK60B, which was, at the 5% level, a statistically significant differerence . However, the increased yield was associated with increased plant height . The highest-yielding lines from RS/R/A2725 x virgatum and RS/R/A2725 x verticilliflorum were an average of 13 .5% higher-yielding than RS/R/ A2725 (a significant difference) and were equal in plant height . Selection increased BC, mean grain yields by 6 to 27% . Population mean yield, mean yield of selected lines, and frequency of high-yielding lines were highest in the BC, .
INTRODUCTION
The species Sorghum bicolor (L .) MOENCH is large and diverse, containing both wild and cultivated races (DE WET, 1978) . Genetic improvement of grain yield potential in grain sorghum has often involved the use of exotic but cultivated germplasm . However, much of the genetic diversity of the cultivated races has yet to be utilized in breeding .
The wild sorghum races of Africa have not been used at all in breeding for grain yield . This is reasonable since these races have a very low grain yield and are agronomically very unsuitable . Natural introgression, which occurs extensively across Africa, played a part in the development of the crop (DOGGETT, 1965 ; DE WET et al ., 1970) , but today it apparently produces only troublesome weeds .
However, introgression of wild germplasm has been used in oats (Avena sativa L .) (FREY, 1976) and barley (Hordeum vulgare L .) (RODGERS, 1982) in Iowa, USA to increase grain yield by up to 40% over the recurrent parent . The usefulness of introgression in these two temperate cereals led us to examine its wider applicability by introgressing germplasm of three wild diploid sorghum races into two grain sorghum cultivars .
Sorghum is of tropical origin, and the studied populations were evaluated in the semi-arid tropical environment of south central India, providing an evaluation of introgression in a different genetic and environmental background . The objective was to predict the usefulness of wild sorghum for improvement of grain yield, and the optimal level of introgression (i .e ., the optimal number of backcrosses) for obtaining superior lines .
MATERIALS AND METHODS

Experimental procedures
Genetic material . Each of two cultivated sorghum lines (herein called recurrent parents) was crossed with three wild sorghum accessions . The origins of the five parents are as follows . Combine Kafir 60B (CK) is a dwarf (dw,dw 1dw3 dw3dw4dw4) inbred line developed in Texas, USA, from mainly kafir germplasm . RS/R line A2725 (RS) is an inbred line produced by the sorghum population improvement project at the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT) near Hyderabad, India . RS is derived from an African population of mainly caudatum parentage . Each of the three wild parents represents a different wild race from Africa . The virgaturn accession (VI) was collected in Egypt, the arundinaceum accession(AR) in the Ivory coast, and the verticilliflorum accession (SV) in the Republic of South Africa.
Several plants of CK and RS were hand-emasculated and crossed as females to several plants of each of the wild parents . Resulting BC,F 1 (i .e ., F 1) plants from each mating were (1) crossed to the recurrent parent and (2) self-pollinated to produce the BCOF2 (i .e ., F 2) generation . In this and all subsequent backcrosses, bulk pollen from 2 to 50 BCF, plants was used to pollinate 5 to 10 hand-emasculated recurrent parent plants in each cross .
Backcrossing was continued in the same fashion ( Fig . 1) until the BC4F1 . From each backcross generation (BC g, g = 0. ..4) of each of the six matings, 50 random BCgF2 plants were self-pollinated to produce 50 BCgF2-derived lines in the F 3 . Each BCgF2-derived line was advanced to the F4 by self-pollinating 10-20 F 3 plants and bulking the seed .
A set of 50 BC gF2-derived lines will herein be referred to as a population . A particular level of backcrossing will be called a generation . The study thus included 30 populations (6 matings x 5 generations) comprising in principle a total of 1500 lines .
Design and management of experiments . All experiments were conducted at the ICR-ISAT Center near Hyderabad, India, on deep vertisols . The BC, BC, and BC, generations of all matings were evaluated in the rabi (postrainy season) of 1980-81 and kharif (rainy season) of 1981 (herein referred to as R80 and K81, respectively) . The BC,, BC, and BC, generations of all matings were evaluated in kharif, 1982 (K82) .
T. S. COX, L . R . HOUSE AND K . J. FREY 674 Euphytica 33 (1984) ' Measured in the indicated experiment . Only 24 lines per mating of the BC o generation were evaluated in K8 1, due to elimination of shattering lines and larger plot size for the generation . In K82, CK x AR and CK x SV BC, populations contained 35 and 25 lines, respectively, because of insufficient seed production . Six other populations contained between 40 and 50 lines in K82 . All BC g F 2 -derived lines were in the F 3 generation in R80 and in the F 4 in K81 and K82 .
All three experiments, which included lines, parents, and checks, were grown as randomized complete block designs with two replicates each . The R80 and K81 experiments were in a split-split plot arrangement . Main plots were matings, subplots were generations, and (nested) sub-subplots were lines, parents, and three checks, CSH1 Euphytica33 (1984) An experimental unit (sub-subplot in R80 and K81 and subplot in K82) consisted of two rows, each four meters long, with 10 cm between plants in the row and 75 cm between rows . There were two exceptions . Each sub-subplot in BC, subplots in K81 consisted of four rows of four meters each to provide a border since many BC oF 2-derived lines were very tall and rangy when grown in kharif. Also, recurrent parent sub-subplots in BC, subplots in K81 were bordered since recurrent parents were generally shorter than BC, F 2-derived lines .
The R80, K81, and K82 experiments were sown on November 2, 1980, July 1, 1981, and June 19, 1982, respectively, at the rate of 250 seeds per plot and thinned to-thecorrect spacing at about 20 days after sowing . All fields were given a basal application of 80 kg N/ha and a sidedressing of another 40 kg N/ha about one month after sowing . P and K were present in nonlimiting amounts .
Traits . The evaluated traits are listed in Table 1 . Days to flower was recorded as the number of days after sowing when at least 50% of the panicles in a plot had begun anthesis . Height was measured from the ground to the panicle tip and recorded as the mean of five, six, and six, competitive plants per plot in R80, K8 1, and K82, respectively . Panicle type was a visual rating (1 to 7) of the compactness and branch and internode length of the panicles in a plot, with 1 designating the most open and 7 the most compact panicle . Values 1 to 7 roughly corresponded to the designations 1, 2D, 3D, 3E, 4D, 4E, and 6, respectively, of HOUSE (1980) . All panicles were cut from each plot (or from the two center rows of four-row plots in K8 1), sun-dried, and machine-threshed ; the grain was weighed to obtain grain yield . (In K82, the weight of panicles in each plot was taken before threshing .)
In K82, a 20 to 30 g sample of kernels was taken from each plot and weighed . Each sample was then oven-dried and weighed again . The ratio of dry to initial weight was recorded as grain dry matter fraction ; 100-kernel samples were taken from dried In K82, all stover left in a plot after panicles were harvested was cut, sun-dried, and weighed to obtain wet stover yield . A two-culm sample was taken from each plot, weighed, oven-dried, and weighed again . The ratio of the second to the first weight was recorded as stover dry matter fraction .
The above traits and other traits calculated from them are listed in Table 1 .
Statistical analyses . Genetic and phenotypic variance components within populations and experiments were computed as linear functions of appropriate mean squares . For a given experiment, the least significant difference between the mean of a single line and its recurrent parent's mean was LSD = to .os .J2 + Zu MSE where to .os is the tabulated value oft at the 5% level of significance for the appropriate degrees of freedom, u is the number of entries of the recurrent parent, and MSE is the intrapopulation mean square for error (c) in R80 and K81 and for error (b) in K82 .
The least significant difference between the mean of ten lines and the recurrent parent mean was
Realized heritability for a trait within a BC 2 population was
where (Xh1 -X 1) is the difference between the 20% highest lines and the population mean in K81, (Xh2 -X 2) is the difference between the mean of the same set of lines and the population mean in K82, and s p1 and sp2 are the phenotypic standard deviations in K81 and K82, respectively .
RESULTS
Mean grain yields of parents and progeny are are compared in Table 2 using data only from K81 and K82, since yield expression in R80 was poor (see below) . The mean grain yield of RS was higher than that of CK60B, but their progeny had virtually equal yields . Grain yields of wild parents were very low . -Progeny of virgatum, the lowest-yielding parent, had the highest mean yield and included 20 of the 40 highestyielding BC,-BC, lines in K82 . For all traits, wild and cultivated parents differed considerably, the wild parents being very inferior agronomically (Table 3) .
Genotype x environment interaction . Mean grain yields over all lines in R80, K81, and K82 were 1450, 1870 . and 3930 kg/ha, respectively . Grain yield in K82 was higher primarily because later backcross generations were evaluated . Grain moisture content evaluated only in K82, was generally 4% or less . The BC,, BC, and BC 2 generations were evaluated in R80, (rabi, i.e ., November to March, 1980-81) and K81 (kharif, i.e ., July to October, 1981 season, there was no rainfall during R80 and solar radiation was high . Night temperatures early in the season reached as low as 10°C and day temperatures during grainfilling reached as high as 38'C . In K8 1, rainfall was unusuallyheavy : 120 cm, compared with an average of 75 cm . There was heavy cloud cover on many days, and temperatures were moderate (21-33'C) .
Interactions of seasons (R80 and K81) with lines, matings, and generations were highly significant for grain yield, 100-kernel weight, days to flower, and plant height (Table 4) . Two exceptions were seasons x matings and seasons x matings x generations interactions for grain yield .
All populations were poorly adapted to the rabi environment, in which they segregated for two undesirable traits : prostrate, profusely tillering growth habit (inherited from the wild parents) and poor seed-set (inherited from RS) . Both unfavorable expressions were responses to the cool nights of early rabi, and of course had deleterious effects on grain yield of lines in which they occurred . There also was severe drought during grainfilling in R80 . None of these climatic conditions occurred in K81 or K82 .
There was an average amount of rainfall in K82 (June to October, 1982) and less extensive cloud cover than in K81 . Mean grain yield of BC 2 lines was 2470 and 3520 kg/ha in K81 and K82, respectively . There was no interaction between matings or lines and years (K81 and K82) for kernel weight, days to flower, or plant height of BC 2 F2 -derived lines (Table 5) . Line x year interaction for grain yield was significant in two matings, CK x SV and RS x VI . Mating x year interaction for grain yield was not significant.
Error variances for grain yield were heterogeneous among experiments, according to a Bartlett's Chi-square test (LE CLERG et al ., 1962) . A logarithmic transformation of the data did not remove the heterogeneity . This does not affect the conclusion that (line x year)/mating interaction was important only for grain yield in only two coatings (Table 5) , because heterogeneity of error variances inflates F values (LE CLERG et al ., 1962) . However, the highly significant (line x season)/mating interactions (Table 4) should be interpreted cautiously .
Magnitudes of interactions indicate that the relative performance of genotypes was much more consistent across years in kharif (Table 5) (Table 4) . This was primarily due to the influence on two traits, seed-set and growth habit, of rabi conditions . Therefore, kharif results were used in evaluating the potential of introgressed material . This is appropriate, since most sorghum in the semi-arid tropics is produced in the rainy season (kharif) .
Frequency of high-yielding progeny . Based on the K81 experiment, there were no BC, or BC, lines with a grain yield at least one LSD higher than the recurrent parent (i .e ., no high transgressive segregates) . Five out of 50 lines in RS X VI-BC 2 were high transgressive segregates, based on K81, but, based on means over K81 and K82, there were no high-yielding lines in any BC 2 population . There were only eight high transgressive segregates based on K82 data, distributed as follows :
These eight lines made up 1 .5% of all BC 3 and BC4 lines evaluated . The average yield advantage over the respective recurrent parents was 26% .
The frequency of transgressive segregation was low, in part because only very large differences were significant (average LSD's were 750 and 1000 kg/ha in K81 and K82, respectively) . LSD's in turn, were large because only two replicates per experiment were used . However, an average of only 0, 3, 6, 13, and 21% of lines exceeded the respective recurrent parent's yield by any amount in the Bc,, BC, BC, 13C, and BC 4, respectively (Table 6 ) . The frequencies of lines given in Table 6 were unexpectedly low . For example, in the BC 4 of RS matings, made up of an average 97% RS germplasm, only 16 .7, 6 .7, and 2 .0% of the lines from RS x VI, RS x AR, and RS x SV, respectively, exceeded the mean yield of RS (Table 6 ), whereas 19, 53, and 36%, respectively, were significantly lower-yielding .
Frequency distributions for grain yield in K82 (Table 7) show that the number of low-yielding lines decreased considerably with backcrossing, whereas the upper end of the range changed little . There are nine lines in the 5750-6800 kg/ha range, over 1000 kg/ha higher than the recurrent parents . In RS x VI, 17 lines yielded over 5250 kg/ha . One-third of the distributions had significant negative skewness .
The ten highest-yielding lines per mating in K82, regardless of generation, were evaluated for 100-kernel weight, days to flower, height, panicle type, kernel number, threshing percentage, biological yield, stover yield, harvest index, and grain yield (Table 8 ) . The 30 lines selected from CK60B matings yielded, on average, 14% more than CK60B, a significant difference . However, the yield increases were associated with an average 24% increase in height . Biological yield averaged 13% greater than CK60B, compared with 3% for harvest index.
Lines from RS x VI yielded an average of 15% more than RS, with no change in height and a decrease in days to flower . They ranged in grain yield from 5480 to 6830 kg/ha, compared with 4980 for RS and 6210, 6170, and 5910 kg/ha for the checks Ind . Syn . 387-1, CSH6, and CSH 1, respectively . Lines from RS x SV yielded an average of 12% more than RS (range : 5230 to 6440 kg/ha) . They were significantly later than RS but equal in height. A yield difference of 8% in RS x AR was not significant .
There were no significant differences in kernel weight, but kernel number was higher in three matings . There were no significant differences in stover yield .
Response to selection . Realized direct and correlated response to selection was evaluated by choosing the 20% highest-yielding lines, based on K81, and taking their means for grain yield and nine other traits in K82 (Table 9 ) . The average response to selection for grain yield was 14% of the BC 2 mean ; however, selected lines yielded 12% less, on average, than their recurrent parents . Realized heritability for grain yield ranged from 0 .27 to 0 .70 (Table 9) .
Selection for yield increased kernel number more than kernel weight, decreased stover yield, and increased harvest index and threshing percentage (Table 9) . Changes in days to flower, height, and biological yield were relatively small and erratic . Thus, selection increased grain yield at the expense of vegetative production ; selected lines were more `cultivated' . Lines selected in RS x VI, however, had very open panicles (22% decrease in panicle type), compared with the population mean .
DISCUSSION
Frequency of transgressive segregation was 1 % in the BC 2-BC 4 of sorghum introgressed populations, compared with 14 and 6 .5% in oats and barley, respectively (LAW-RENCE & FREY, 1975 ; RODGERS, 1982 (DOGGETT, 1965 ; DE WET et al ., 1970) . It is possible that over the history of the sorghum crop, most agriculturally useful wild genes have been incorporated into land races and cultivars through natural introgression and selection, despite roguing of hybrids . However, the low frequency of transgressive segregates obtained in this study is consistent with theoretical studies . For example, BAILEY (1977) found that if the donor (wild) parent contributes the posivie allele at 12 out of 60 loci, the frequency of random BC4 lines containing 50 positive alleles (2 more than the recurrent parent) is only 0 .44% . BAKER (1976) found that if the recurrent parent contributes 20 positive genes and the donor parent only one, the frequency of random progeny with 21 positive genes is 1 .7% or less in any backcross . Therefore, large population sizes and efficient selection are necessary to recover a large number of superior lines from most introgressed populations .
There is evidence that genes for high yield were transferred from all wild parents (Table 8 ) . The yield increases in RS x VI and RS x SV are most important for breeding purposes, because they were obtained in a superior genetic background ; RS has much better grain quality, plant type, and grain yield than CK60B . Also, the highyielding RS x VI lines were comparable in height to, and earlier than, RS . High yield of RS x SV lines may have been due in part to later maturity . The yield increases in CK60B matings may be largely attributable to increased height. However, 10 of the 30 high-yielding lines from CK60B matings were less than 140 cm tall, compared with 131 cm for CK60B .
Because BC2 F 2 -derived lines in the F 4 were evaluated, many were highly heterogeneous, and single F 4 -plant selections within superior lines could produce larger yield increases .
Few BC,F 2 -or BC 1 F 2 -derived lines even approached their recurrent parent's yield . Of the 60 high-yielding lines from Table 8 , there were 10, 21, and 29 from the BC 2 , BC 3 , and BC 4 generations, respectively . LAWRENCE & FREY (1975) and RODGERS (1982) obtained the highest frequency of superior oat and barley introgressed lines in the BC4 .
Utilization of wild sorghum races . Wild relatives of crops are not obvious choices as sources of genes for high grain yield ; certainly, the extensive, diverse, and largely unutilized gene pool of cultivated sorghum races is to be preferred . However, wild sorghum accessions, especially those collected outside the geographic and ecological range of the cultivated races, might contribute unique genetic factors with favorable additive or interactive effects . Race arundinaceum, for example, often grows in areas more humid than those used for grain sorghum cultivation ; race vrgatum often grows in drier areas . Their potential in breeding for stress environments is obvious .
Selection of wild parents based on their grain yields per se is probably ineffective . Virgatum was by far the poorest-yielding parent in this study, but its progeny included Euphytica 33 (1984) the highest-yielding lines . In other matings, mean yield was lower than expected on the basis of parentage . Useful genes from wild sorghum races may be scarce ; therefore, a long-term recurrent selection program will be ncessary to increase the frequency of desired genes from diverse wild accessions in an agronomically elite genetic background . Response to selection was demonstrated in this study . Base populations for selection should include no more than 12 .5% wild germplasm, because of the deleterious effect on agronomic traits of large amounts of wild germplasm .
Only parallel, long term selection studies using introgressed and nonintrogressed populations will demonstrate whether or not wild sorghum races are sources of useful genes not available in the cultivated subspecies .
